Abstract The influence of the hysteretic behaviour in reactive sputtering with a pure aluminium target in the presence of argon and oxygen plasma on transmittance and surface free energy of aluminium oxide films was investigated by plasma optical emission spectroscopy technology. The evolutions of aluminium, and aluminium oxide emission lines as functions of oxygen flow rate at constant power and pressure were studied. A steep transition from the metallic sputtering to the compound sputtering was observed upon increasing the oxygen flow rate from 0.0 SCCM to above 2.0 SCCM. Then an optimal deposition zone was obtained through analyzing the hysteretic curves of aluminium and aluminium oxide emission lines. The evolution of crystal structures of samples was discerned by X-ray diffraction spectra data. Energy dispersive X-ray spectroscopy data also demonstrate the relationship between the chemical compositions of aluminium oxide films and the hysteretic behaviour. The film deposited between 1.5 SCCM and 2.0 SCCM oxygen flow rate displays an optimal and stoichiometic atomic ratio of O to Al and mass ratio of O to Al. The changes in the transmittance of samples were discovered to depend on the oxygen flow rate by UV-VIS transmittance spectra, and the changes in surface free energy were studied by contact angle measurement.
Introduction
Recently, doped and un-doped aluminum oxide films have been focused upon by many groups due to their excellently chemical inertness, mechanical strength, high hardness, insulation ability, optical property, and potential applications in wear resistant, abrasion resistant, diffusion barrier coating, and electrical insulation material [1∼12] . So several physical technologies have been employed successfully to deposit amorphous or crystal aluminum oxide films, among which DC reactive magnetron sputtering is often selected owing to its low ambient temperature, high deposition rate and a controlling ability of crystal structure to growing high quality aluminum oxide films [1∼5,7∼9] . A key step in depositing a high quality aluminum oxide film by reactive sputtering is how to control film nucleation and to keep operating parameters constant. Target poisoning and shift in deposition parameters due to hysteretic behavior always result in poor film quality, even operation failure [10∼12] . Despite extensive studies, a detailed understanding of hysteretic behaviors of reactive sputtering for aluminum oxide film deposition for the purpose of avoiding operation failure is undoubtedly an urgent task [12∼15] . Especially, an optimal deposition zone (operating condition) should be discerned prior to the study of process control and crystal growth. We report here vital research results about the Al (396 nm) emission spectrum based hysteretic curve measured by optical emission spectroscopy (OES). The evolutions of Al (396 nm) and the Al-O (484 nm) lines as functions of oxygen flow rate at constant total pressure and target power were investigated. The influences of Al (396 nm) line intensity on crystal structure and atom -mass ratio were disclosed by XRD and EDS methods. Additionally, surface free energy and transmittance of samples deposited at various oxygen flow rates were also characterized subsequently. The reported data demonstrate that there is an optimal deposition zone in the transition region of the hysteretic curve at which high quality aluminum oxide films can grow by DC reactive magnetron sputtering.
Experiments
A series of reactive sputtering experiments were performed in a commercial DC magnetron sputtering sys-tem equipped with Al target (99.99% in purity, 60 mm in diameter, 4 mm in thickness) driven by a direction current power supply at ambient temperature. The cylindrical vacuum chamber (600 mm outer diameter, 450 mm height) made of stainless steel was evacuated down to 6.7×10 −4 Pa base pressure by a molecular pump backed with a rotary pump prior to the introduction of sputtering gas argon (99.999% in purity) and reactive gas oxygen (99.999% in purity) controlled by mass flow controllers (Sevenstar, China), respectively.
Aluminum oxide samples were deposited on glass substrates (10×10 mm 2 ) without controlling temperature deliberately and the target-substrate distance was kept at a constant 60 mm. The plasma optical emission spectra were monitored by a mini-optical fiber spectrometer (EPP2000, 190∼110 nm, resolution 0.1 nm, Stellarnet, USA). In order to determine highest sputtering rate, the Al spectral lines arising from the target sputtered by purity argon ions as functions of total pressure and argon gas flow rate were investigated. The hysteretic process induced by target poisoning was performed by first increasing oxygen flow rate from 0.0 SCCM to 3.5 SCCM and subsequently decreasing oxygen flow rate to 0.0 SCCM while keeping other conditions constant, i.e., sputtering argon gas flow of 12 SCCM, around 6 Pa total pressure, and 150 W target power. The target was sputtered by pure argon ions for 10∼30 min for the purpose of removing the oxide layer from the target surface until strong Al spectral lines were observed by the OES prior to hysteretic and deposition experiments. The deposition time was set to 30 min per sample and the film thickness from about 120 nm (0.0 SCCM O 2 flow rate) to about 100 nm (2.0 SCCM O 2 flow rate) was measured by using a commercial quartz crystal film thickness meter (FTM-V, Tairao Vacuum, China). The sample deposition operation was carried out corresponding to different regions in the hysteretic curve.
The influence of oxygen flow rate on the crystal structure of the aluminum oxide samples was confirmed by X-ray diffraction (PW3040/60, ray source Cu, ray wavelength 1.5406 nm, Philips, Holland). Sample compositions were also discovered to depend on the oxygen flow rate by using energy-dispersive X-ray spectroscopy (SSX-550, Shimadzsu, Japan). The light transmission of samples was characterized by a UV-VIS light spectrophotometer (UV759S, Shanghai Precision & Scientific Instrument co., Ltd., China). Water contact angles and glycol contact angles of films were measured by using a contact angle meter (SL200B, Kino Industry Ltd., USA). The surface free energy was calculated using the harmonic mean method: 
Results and discussion
Plasma optical emission spectra [16, 17] during Al target sputtering at around 6 Pa total pressure, 150 W target power, and Ar (12 SCCM)/O 2 (1.0 SCCM) mixture are shown in Fig. 1 . The relatively strong Al lines observed here include the atom emissions Al (394 nm, 396 nm) due to Al target surface bombardment. Previous research indicated that the intensity of Al spectral lines was representative of target sputtering yield in DC reactive sputtering with elemental Al target material [17] . Relatively more argon lines (772 nm, 811 nm, 842 nm, etc.) have also been discerned in the range from 700 nm to 950 nm in wavelength, indicating that target sputtering can be maintained stably. The vital O 2 lines O (795 nm, 800 nm, and 844 nm) have also been detected as shown in the inset graph, though relatively weak in intensities. These O 2 lines also indicate that the reactive O particles are present in plasma, predicting that an aluminum oxide-like component will be found on the substrate surface after subsequent film deposition [16, 17] . Additionally, special AlO spectral lines (484 nm, 508 nm, and 512 nm) have also been distinctly observed, indicating that an Al-O band has been formed prior to its deposition on substrate and that slight target poisoning has occurred [16] . Many of the weak lines consisting of Al, Ar, O lines and other little impurities have not been identified individually owing to their inconsequential effect on this work. The OES spectra evolution apparently impacting on the feature of aluminum oxide films upon exposure to such plasma has also been investigated in detail in this work. The effect of argon flow rate, pressure, and target power on Al line intensity was also measured for the purpose of obtaining a highest sputtering yield or deposition rate. The experimental results indicate that the max value of the Al line intensity has been discerned at 12 SCCM argon flow rate, around 6 Pa total pressure, indicating a highest sputtering yield or deposition rate. However, the high sputtering yield does not mean high quality aluminum oxide film and detailed experiments must be carried out on Al spectral evolution to discover optimal deposition parameters. At 6 Pa pressure and 12 SCCM argon flow rate, the influence of O 2 flow rate (0∼3.5 SCCM) on the intensity of Al line (396 nm) is shown in Fig. 2 . The data in Fig. 2 indicate that to a given 150 W target power, the Al line (396 nm) initially almost keeps constant upon gradually increasing the oxygen flow rate to around 1.0 SCCM and then rapidly decreases until increasing the oxygen flow rate to above 2.5 SCCM from which the intensity of Al line (396 nm) is kept at a constant near to zero. The change can be partitioned into three regions, named the metallic (0∼1.0 SCCM), transition (1.0∼2.5 SCCM) and compound (2.5∼3.5 SCCM) sputtering regions, respectively. In the metallic sputtering region, a very high intensity of Al spectral line can be observed, meaning a high Al sputtering yield and plenty of Al particles in plasma due to strong sputtering of the Al target and less reactive O particles to cause any compound formation at the target surface. A dramatic decrease in Al line (396 nm) intensity in the transition sputtering region indicates partial poisoning of the target surface due to the formation of an Al 2 O 3 -like layer with the increase of oxygen flow rate. The sharp fall can also be attributed to such facts that Al 2 O 3 -like film is more electrically resistive (∼ 10
16 Ω · m) than pure Al film (∼ 2.82 × 10 −8 Ω · m), implicating a much lower sputtering yield compared with the pure Al. A further increase in O 2 flow rate to above 2.5 SCCM will shift the sputtering to the compound sputtering region, meaning that the target surface has been sufficiently covered with an Al 2 O 3 -like layer, which leads to thorough poisoning of the target. The deposition in the metallic region will obtain pure Al thin film (no aluminum oxide film) and in the compound region, the target cannot be sputtered, which leads to deposition failure. So the aluminum oxide film should be deposited in the transition region as supported by previous studies [13, 14] .
Conversely, as we began to reduce O 2 gradually from 3.5 SCCM, the Al line (396 nm) intensity does not take the same track, the so-called hysteretic phenomenon. After an initial linear increase up to above 460 a.u. upon decreasing O 2 from 3.5∼1.0 SCCM, then follows a sharp increase upon decreasing O 2 to below 1.0 SCCM, which demonstrates that the Al 2 O 3 -like film has been removed from the target surface. Finally, the Al line (396 nm) recovers to its original value, showing that the target has returned to metallic mode again. Additionally, the data reported here also show that high target power results in a high intensity of Al spectral line not only in the metallic region but also in the transition region, indicating a high sputtering yield (not shown here). In this work 150 W target power was selected because of both its higher sputtering yield and wider transition region range (from 1.0 SCCM to 2.5 SCCM) than other target power. The wide transition region range means that it is easier to control the sputtering process (crystal structure). • , 78.52
• , respectively, indicating that a pure aluminum crystal structure (no aluminum oxide) is present inside the sample. However, a sharp phase change begins to occur as oxygen is added into the vacuum chamber gradually from 0.5 SCCM to 2.0 SCCM. The Al 2 O 3 -related peaks have been detected while the pure Al composition has disappeared, mainly including an orthorhombic peak (004), monoclinic peaks (220), (−132), (−117), and a tetragonal peak (222) corresponding to diffraction angles 30.25
• , 35.13
• , 50.62
• , 60.13
• , and 32.94
• , respectively. Additionally, these peak intensities increase obviously with increasing oxygen flow rate. Of course, the peak intensity cannot be compared due to some differences in film thickness and compositions. But, it is a fact that Al 2 O 3 -like samples should be deposited in the transition region. Furthermore, the optimal Al 2 O 3 structure has also been disclosed by the EDS data, as shown in Fig. 3 . The EDS data reported in Fig. 3 further confirm that there are significant changes in mass and atomic ratio of samples, indicating that the effect of hysteretic behavior on Al 2 O 3 film deposition can be essentially ascribed to an evolution mechanism. At 0.5 SCCM O 2 (metallic sputtering region), the unbal-anced mass ratio (71.426% : 17.336%) and atomic ratio (57.350% : 23.512%) of Al to O show that there are impurities and no Al 2 O 3 -like elements inside such sample. However, at 1.5 SCCM oxygen, the atomic ratio of Al to O (40.853% : 59.147%) is 0.689, close to the ideal stoichiometry of Al 2 O 3 (0.66), while above 2.0 SCCM, the atomic ratio of Al to O become less than 0.606, indicating that the oxygen flow rate between 1.5 SCCM and 2.0 SCCM is the most suitable parameter for depositing high quality aluminum oxide at 150 W power and 6 Pa pressure. The change of Al-O emission spectral line (484 nm) as a function of oxygen flow rate is also shown as the inset graph of Fig. 2 . Initially, the intensity of the Al-O line linearly increases with the increase of oxygen flow rate up to 0.5 SCCM. Subsequently an acceleration ascent is observed upon the addition of oxygen flow rate up to 1.5 SCCM, meaning an obvious increase in the content of Al-O bands. After the max at 1.5 SCCM, a dramatic decrease in Al-O band intensity indicates that there are not enough Al particles to compound with O due to target surface poisoning, in spite of an increase of O 2 flow rate. The inset graph also shows that there is a highest deposition rate for aluminum oxide film between 1.0 SCCM and 2.0 SCCM oxygen flow rate. The deposition between 1.5 SCCM and 2.0 SCCM can obtain an ideal stoichiometry of Al 2 O 3 , consistent with XRD result. The change of crystal structure originating from the effect of the hysteretic behavior was further confirmed by the UV-VIS transmittance spectra data, as displayed in Fig. 4 . For the samples deposited at O 2 flow rate below 1.0 SCCM (metallic sputtering region), the transmittance property is very low (less than 80%) due to a poor crystal structure consisting of an Al and O mixture as described by the XRD data in Fig. 3 . However, once the oxygen flow rate was further increased, the transmittance property of samples was improved. Furthermore, a high transmittance rate (more than 85%) has been observed upon increasing oxygen flow rate to between 1.5 SCCM and 2.0 SCCM, consistent with the result of the XRD and EDS. The influence of oxygen flow rate on surface free energy and contact angle is displayed in Fig. 5 . Obviously, samples deposited at different oxygen flow rate exhibit a large difference in hydrophilicity and surface free energy. Pure Al film owes its high contact angle value not only to water but also to glycol. But, the contact angle reduces upon increasing oxygen flow rate. Especially, a minimum value of contact angle (22.5
• ) is obtained at 2.0 SCCM. On the contrary, surface free energy increases with the addition of oxygen. At 2.0 SCCM oxygen flow rate, the surface free energy of samples is enhanced up to 68.5 mJ/m 2 . Additionally, the data also indicate that the polar component is dominant to the increment of surface free energy. In summary, this work puts forward a novel method for depositing Al 2 O 3 film with ideal stoichiometry by using DC reactive magnetron sputtering technology. Both Al spectral lines based and Al-O band spectral line based hysteretic curves can be used to help grow high-quality aluminum oxide film. The reported XRD data reveal that the selected deposition zone should be set between 1.5 SCCM and 2.0 SCCM oxygen flow rate within the transition deposition region, which is supported further by the UV-VIS transmittance spectra results and surface free energy data. 
Conclusion
DC reactive magnetron sputtering with a pure aluminum target in the presence of argon and oxygen was investigated for the purpose of depositing high quality aluminum oxide film. The OES based hysteretic curves in the process were obtained by first increasing and subsequently decreasing the oxygen flow rate. A significant decrease in Al emission line was observed as the oxygen flow rate increased to above 2.0 SCCM, indicating a complete transition from the metallic sputtering mode to compound sputtering mode. An optimal deposition zone in the curve for the DC reactive sputtering was observed after analysis of the transition region. Five aluminium oxide samples for various oxygen flow rates (0∼2.0 SCCM) were deposited and subsequently characterized. The surface free energy and transmittance of samples were also investigated experimentally. The XRD results have detected obvious changes of crystal structures corresponding to changes of oxygen flow rate, showing that high quality films have been deposited in the transition region, which is consistent with EDS data.
